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ﬂ ARSTRACT D170-10038-1

This report presents the results of wind tunnel test BVWT 061
(Phase I test of two phase test program) performed in the
Boeing-Vertol V/STOL wind tunnel on a powered four prop tilt
wing full span model equipped with cyclic pitch propellers for
longitudinal control. Items evaluated include cyclic pitch
control in hover (in and out of ground effect), yaw control in
hover with differential flaps and spoilers, low speed descent
performance, plus basic longitudinal stability and control
throughout transition with a high horizontal tail.

Propeller hub pitching moment and normal force were also
measured during this test so that in conjunction with a pre-
vious isolated propeller test, the influence of the wing/flaps/
fuselage on the propeller forces and moments could be deter-

mined.
KEY WORDS
Cyclic Pitch Propellers
‘ ‘ Descent Capability
{:} Double Slotted Flaps

Hover

Longitudinal Stability/Control
Propeller Hub Pitching Moment
Propeller Normal Force

Slats

Tilt Wing Aircraft
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The following nomenclature was used for Model VRO68Q in BVWT

061. Additional nomenclature is included in the Data Reduction

section of this report.

Symbol

Ap Propeller disc area

ap Fuselage angle of attack relative to
freestream

SWerp Effective wing angle of attack

By Fuselage

b Wing span

c Mean aerodynamic wing chord

“y - Cyclic angle (positive~ nose down
pitching moment) - .

D Propeller diameter

Sp Flap angle

F Wing fence configuration

f1 Basic double slotted flaps

.75 Propeller blade pitch angle at .75R

LY Horizontal tail

h A Height of outboard propeller plane to
ground plane in hover

iy Wing incidence angle

J Propeller advance ratio, %%
Aircraft lift

M Aircraft pitching moment

(positive ~ nose up)

£t.2

degrees

degrees

ft.-

degrees

ft. .
degrees
ngrool

;nchos

degrees

lbl;

ft.lbs.
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Nacelle configuration

Propeller rotational speed

Collective hubs
Cyeclic hubs

Shaft torque

Basic slat configuration

- Freestream dynamic pressure

Slipstream dynamic pressure, q+T/Ap

Propeller blade radius
Radial station along blade
Density

Wing area

Horizontal stabilizer incidence
relative to waterline

Propeller thrust

Jet thrust from air motor

Velocity

" Full scale aircraft velocity

Vertical tail

Wing

Aircraft longitudinal force,
positive forward

Longitudinal distance
Vertical distance

D170-10038~-1

rps

ft-1lbs

lbs/ft?
lbs/ft2
ft.

£t.
slugs/ft?
£t.2
d;qroos
ibs.

lbs.

ft/sec.

knots

lbs.

ft.
ft.
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1.0 INTRODUCTION D170-10038-1

Wind tunnel test BVWT 061 was performed in the 20ft x 20ft test
section of the Boeing-Vertol V/STOL wind tunnel on a full span
(9.04£t) model of the Model 170 four propeller tilt wing air-
craft that utilizes cyclic pitch propellers for low speed longi-
tudinal control. 1Installation of the sting mounted model
(VRO68Q) commenced on July 14 for the Phase I test of a two
phase test program. This air motor powered model incorporated
an internal six component strain gage fuselage balance and a
six component strain gage balance mounted in each nacelle be-
tween the propeller/hub assembly and the air motor. Two sepa-
rate sets of propeller hubs were used: collective hubs and
cyclic pitch hubs. An identical 2.143 ft. diameter propeller/
cyclic pitch hub/nacelle balance/air motor assembly was tested

.during May 1970 as a part of the contract (Reference l).

The primary objectives of this Phase I test were:

a. Pitch Control in Hover
Determine the effectiveness of cyclic propeller pitch
for longitudinal control in hover using two prOpeller
rotation arrangements.

b. Yaw Control in Hover
Determine the effectiveness of double slotted flaps,
opposite wing flap up travel, and spoilers for yaw
control in hover, and establish the yaw control cap-
ability of a combined flap/spoiler configuration.
Evaluate the effect on hover yaw control of the
aitornatc inboard propeller rotation and of cyclic
pitch.

c. Low Speed Descent Performance ’
,DetcfﬁIne the basic power-off lift/drag character-

istics with several flap deflections. Establish
the rate of sink capability with selected flap
angles, and the effect of cyclic pitch on descent
performance.

d. Longitudinal Stability and Control in Transition
Est ] e taII-of¥ Iongitudinal characteristics
with selected combinations of wing incidence, flap
angle, and slipstream thrust coefficient. Determine
the aircraft stability and trim capability with a
high horizontal tail. Evaluate the effectiveness
of cyclic pitch for trim and its effect on stability.
Determine the influence of ground proximity in take-
off and landing configurations on longitudinal
characteristics.

During cyclic pitch running on August 21, 1970, the aft radial

7
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Lamiflex bearings in the left inboard cyclic pitch hub assembly
were damaged. Since the collective pitch runs planned for the
Phase I test were largely complete, a decision was made to end
Phase I and perform the remainder of the planned cyclic pitch
runs during the Phase II test later in the year. This delay
will enable the Lamiflex bearing design to be re-examined,
modifications to the cyclic hubs to be incorporated as required,
and testing to be resumed within the contract schedule.

Four prop Model VRO68Q utilizes a 9.23 aspect ratio tapered
wing with a straight leading edge, propellers overlapped 7% in
diameter, full span slats and full span large chord double
slotted flaps that incorporate a movable fore flap which
"nests" when the flap is retracted. Longi“vdinal and vertical
location of the propeller hub centerlines with respect to the
wing leading edge were chosen to maximize descent capability,
using as a basis the data acquired in mid-1969 during a Boeing-
Vertol wind tunnel test of a semispan four prop tilt wing
model, the primary objective of which was to investigate the
effect of propeller hub location on descent performance with
overlapped propellers. The slat and double slotted flap con-
figurations used on Model VRO68Q were also established from
data acquired during the 1969 Boeing-Vertcl four prop tilt
wing wind tunnel test program, that included investigations of
single vs double slotted flaps and full span slats vs Kruger
leading edge flaps for the purpose of maximizing descent per-
formance. ‘

Two wing fences per wing, one at the fuselage side and the
other, 18% of a propeller diameter outboard, were used to
contain the stall occurring on the wing center section.




2.0 MODEL DESCRIPTION AND INSTALLATION D170-10038-1

Q

The general arrangement and geometry of full span Model VRO68Q
and wind tunnel installation details are presented in this
section. Figure 1l is a photograph of this model as installed
in the Boeing-Vertol V/STOL wind tunnel for the subject test.

2.1 WING GEOMETRY (See Figure 2)
The model utilizes a tapered wing with the followinyg geometry:

Span 9.036 ft.
_Root chord 1.263 f¢t.
Tip chord . 0.696 ft.
Mean Aerodynamic Chord (MAC) 1.007 f£t.
Taper ratio 0.551
Area ' 8.850 £t.?
Aspect ratio 9.225

{:) Wing l/4c sweep 1.6° fwd.
Dihedral 0°

w;ng pivot position

X-Axis 42,56% MAC
aft of wing
L.E.

z-Axis 11.678 MAC

below w.c.p.

Basic Wing Sections

Tip (actually 1.047 b/2) NACA 645215
Inboard Nacelle Wing Chord/Prop Diameter 0.492

Outboard Nacelle Wing Chord/Prop Diameter 0.376

Slats (from wing tip to body centerline) 15% basic
wing chord

AR . RS
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Double Slotted Flaps 39% basic wing
chord (when re-
tracted)

23.5% chord Fowler
action '

Slats

The Model VRO68Q tapered wing incorporated a 15% chord full
span leading edge slat of the design illustrated in Figure 3.
Figures 4 and 5 show the slat positioned at tip and root sec-
tions, respectively. The slat, which extended spanwise across
the fuselage to the body centerline (wing root), was attached
to the basic wing leading edge with preset brackets,and were
arranged in nine spanwise segments (wing tip to wing tip).

One segment per wing extended from the wing tip to the out-
board nacelle; the slat between the nacelles was divided into
two equal span segments; one segment extended from the side of
the inboard nacelle to the fuselage; and finally, one segment
covered the entire width of the fuselage. This arrangement
enabled the slats to be set differentially according to the
direction of rotation of the propeller blades in front of each
slat segment.

The slat angle, gap and trailing edge location used for this

test were based on previous Boeing-Vertol tilt wing testingthat
was conducted for the purpose of maximizing descent capability.
In general, the Q!0slat lotting shown in Figures 3 and 4 was
used behind a "down-going" propoller blade and the Q* setting
was used behind an "up-going" propeller blade.

Flaps

.The large chord double slotted flaps used in test BVWT 061 are

shown in Figures 6 and 7, which present the arrangement of the
flaps for the 40°, 50°, and 69° deflections. Figures 6 and 7
depict tip and root sections, respectively. Nacella length
precluded extending the flaps behind the nacelles, thus split-
ting the flaps into three spanwise segments: outboard, mid-
span, and inboard. The lengths of these segments were as
follows:

Flap Segment Length
Outboard STA 54.215" (tip) to STA 45.789"
Midspan STA 41.789" to STA 21.875"
Inboard STA 17. 875" to STA 7.145"(side of

- body)

The flaps were 39% chord in the retrected position. 1In this
position, the fore flap "nests" against the main flap as shown
in Figure 8. During the initial portion of the flap extension,

10
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0 the "nested" fore flap/main flap assembly is moved aft 23.5%
> of the basic wing chord. This value represents the Fowler
~ action. For the first 20° of flap deflection, the fore flap

remains "nested" as shown in Figure 9. As the flap is deflec-
ted to a higher angle, the main flap moves away from the fore
flap, resulting in an extended flap chord of 49% at the 40°
flap angle. The geometric relationship between the fore flap
and main flap was held constant between 40° and 60° flap angle
(the maximum angle tested). Gaps and locations used for the
double slotted flaps were determined from previous test data.

Yaw control in hover is provided by flap down-travel on one
wing, plus spoiler and flap up-travel on the opposite wing.

The arrangement of the flap in the up-travel position for hover
is illustrated in Figure 9.

ﬁ
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Figure 2
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Figure 4
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Figur§ 6
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2.2 PROPELLER, HUB GEOMETRY D170-10038-1

Geometric characteristics of the propeller blade used 1n this
test are shown in Figure 10. The variation with radial sta-
tion, of blade chord, design lift coefficient, thickness ratio
and blade twist are presented in this plot. Figure 1l depicts
the blade planform. Note that the blade pivots for manual
collective settings about the 358 chord line.

Three-way collective hubs were used during the non-cyclic por-
tion of the test. These were replaced with three-way cyclic
hubs, using identical propeller blades, when cyclic pitch was
required. Both propeller collective and cyclic angles were
manually adjusted.

Figure 12 is a photograph of the 4.80 in. diameter cyclic hub.
This hub employed a swashplate mounted on a cyclic stack fixed
to the front of the six component nacelle balance. The outer
annulus of the swashplate was driven by scissors mounted on

the rear face of the hub. Cyclic pitch was applied to the
blades through a set of pitch links. Elastomeric (Lamiflex)
bearings were used in the hub for blade retention and blade

angle motion.

Principal dimensional information and airfoil dosignations for
the propellers are listed below:

- Diameter 2.143 £t
Disc area 3.61 ft2
Root chord 3.20 in.
(at .2r/R)
Tip chord 2.32 in.
Root section NACA 64A030
Tip section NACA 64A306
Activity Factor 160 per blade
Overall Blade Twist 33.5°

21
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2.3 NACELLE DESCRIPTION . D170-10038-1

A schematic drawing showing the arrangement of the propeller
hub, swashplate, slip ring, strain gage internal balance, and
air motor in the inboard nacelle along with the geometric re-
lationship of the wing with the nacelle and hub center is pre-
sented in Figure 13. Similar information is depicted for the
outboard nacelle in Figure 14. Not shown in the two sketches
is the flexible bellows coupling that joined the propeller
shaft to the air motor drive shaft. This coupling,located
1.875 in. aft of the nacelle balance center, isolated propeller
forces and moments.

The air motor power source, which utilizes a four stage tur-
bine,is designed to deliver 90 shaft horsepower at 9000 RPM.
At thi. design point, approximately 2 lb/sec of air flow is
required. Compressed air was indivicdoally‘'ducted out to

the inboard and outboard air motors from the wing root thru
parallel 1.125 inch diameter air passages located internally
in the basic wing structure. A 90° bend was used to intro-
duce the air into the top of the inboard motor plenum in front
of the first stage turbine. The lack of sufficient wing spar
material at the outboard nacelle as a result of the relatively
high thrust line (See Figure 1l4) necessitated stopping the in-
ternal wing air passage short of the outboard nacelle and
angling the air into the outboard motor plenum (45° from ver-
tical) via a short air passage drilled into a wedge shaped
piece of material which was bolted to the lower surface of

the wing inboard of the outboaxinacelle.

A diverging nozzle with eight straightening vanes for elimi--
nating exhaust swirl was attached to the rear end of each
motor.

The location of the propeller thrust line with respect to the
wing chord plane, and the prop plane location with respect to
the wing leading edge in terms of percentage of local wing
chord, can be determined from the information presented in
Figures 13 and 14. These values are sted below.

Prop Distance Distance
Hub € below wing chord plane  ahead wing leading edye:
Inboard .218 z/c .584 x/c¢c
Outboard - ~.181 z/c 421 x/c

The above ratios were established using data obtained during

a 1969 Boeing-Vertol semispan wind tunnel test of a four prop
tilt wing model. 1In this test, various prop hub centerline
locations with respect to the wing were evaluated to determine
the effect on descent capability.

25
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D170-10038-1

2.4 FUSELAGE GEOMETRY

The fuselage used on Model VRO68Q, as shown in Figure 15, had
a shape generally representative of a four propeller tilt wing
transport-type aircraft designed for rear ramp locading. Body
cross section was generally oval with flattened top, bottom,
and sides in the vicinity of the wing. Principal dimensions
of the fuselage are as follows:

Length 79.88 in.
Maximum width 13.94 in.
Maximum depth 14.85 in.

Locations of the wing and empennage are also illustrated in
Figure 15. The wing was essentially buried in the down posi-
tion, protruding only slightly above the fuselage crown line.
At the rear of the wing center section over the fuselage, a
spring loaded fairing was located. This fairing, hinged at
its aft end to the top of the fuselage, was designed to slide
along the top surface of the wing as the wing was tilted.

With the wing down, zero wing tilt, the fuselage/wing junctures
were smoothly contoured. A fuselage cut-out was provided at
the leading edge of the wing to enable the slat to extend over
the wing center section as the wing was tilted.

Figure 15 shows the vertical and longitudinal locations of
the fuselage balance with reference to the fuselage and wing.
Note that the balance was located directly below the wing
pivot.

2.5 HORIZONTAL TAIL POSITION AND GEOMETRY

The horizontal tail was positioned high on the fin as illus- .
trated in Figure 15. An additional horisontal tail position,
mid-fin, was available, however, this tail height was not
utilized during Phase I test BVWTO061. '

Figure 16 depicts the geometry of the horizontal tail. This
tail pivoted for stabilizer angular motion about a line per-
pendicular to the aircraft axis of symmetry and passing
through the quarter chord point of its mean aerodynamic chord
is shown in Figures 15 and 16. Stabilizer angles from +45°
to -15° were available in 5° increments. Note in Figure 15,
that with the maximum stabilizer angle of +45°, the leading
edge of the root "unported" slightly.

Primary geometry characteristics of the horizontal tail are
listed below.

Tail area, Sy 2.764 f£t.?

28




D170-10038-1
n Taper ratio ' 0.609
7
~ Aspect ratio . 4.646 4
Tail volume coefficient, Vy = E;é_:_a 1.330
Dihedral ’ 0°
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(‘) 2.6 MODEL INSTALLATION D170-10038-1

- A schematic drawing of the model air supply system for power-
ing the four pneumatic motors of Model VRO68Q is shown in
Figure 17. High pressure air enters the model through the
hollow sting extension. Interactions of the model air supply
system on the fuselage balance measurements were minimized by
ducting the air symmetrically past the balance from the for-
ward section of the sting via dual ducts (one per fuselage ,
side) and thence into a plenum chamber located forward of the
balance in the frontal portion of the fuselage. A set of in-
ternal flexible bellows were used to connect the dual ducts
to the plenum chamber structure.

Air for each air motor was individually ducted forward from
the front wall of the plenum chamber, through separate motor
control valves, and then aft over the top of the plenum chamber
via four pipes which were connected to a hollow segmented air
pivot Joint. Four internal wing spanwise air ducts (one per
motor) were used to direct the air outboard from the wing

pivot joint into the forward portion of the air motors bolted
directly to the wing.

Mass flow into each motor was remotely controlled by the four

individual motor control valves used in conjunction with the

} main tunnel compressor system controls which established the
(w) plenum chamber pressure.

Model VRO68Q utilized the main tunnel hydraulically driven
sting support system. The 16 ft. long sting pivots, for model
angle of attack motion, about its attachment point on a verti-
cal moving strut,which enables the model to be retained near
the center of the test section as the model is pitched. A
"yaw adapter" that provides pure yawing motion for selected
angles of attack, was attached to the forward end of the main
sting. This "yaw adapter" also incorporates a horizontal pi-
vot and pin arrangement for manually setting the desired
"pre-bend" angle between the fuselage centerline of the model
and the centerline of the main sting.

The desired wing angle of attack range for a prescribed combi-
nation of wing tilt angle and thrust coefficient was achieved
by selecting the proper "pre-bend" angle. With zero "pre-bend",
the available fuselage angle of attack range is -20° to +12°.
The -20° angle is the limit imposed by the maximum up-travel
of the vertical strut (contact with the tunnel ceiling). The
maximum positive angle of the sting with respect to the tunnel
centerline (+12°) results from the limit imposed by the mini-
mum bend radius of the 3 inch diameter (I.D.) braided steel
model air hose passing up the vertical strut, through the main
=y sting and "yaw adapter", and into the tilt wing model sting
i;} extension which is bolted to the forward end of the yaw adapter.

32
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( Selection of a positive 10° "pre-bend" angle provides a

5 fuselage angle of attack range of -10° to +22°, for example.
C
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2.7 TEST FACILITY D170-10038-1

As mentioned previously, the test was conducted in the 20 ft
high x 20 £t wide x 29 ft long test section of the Boeing-
Vertol V/STOL wind tunnel. A schematic view of this facility

is presentsd in Figure 18,

The slotted throat test section configuration was used for the
transition or forward flight portion of the test. This tunnel
configuration is obtained by removing covers from slots built
into the test section walls, floor, and ceiling.

During the hover phase of the test, the 29 ft long x 20 ft
high test section walls were removed and lowered into .pits.

The raising of the test section ceiling to the top of the 67 ft
diameter plenum chamber that surrounds the test section
provided a hover test area with a height,as measured from the
solid test section floor used as a ground plane, of approxi-
mately 50 ft.

The auxiliary air for powering the four nacelle pneumatic
motors was supplied by a 20 pound per second, 1000 psi compres-

sor system. -
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3.0 INSTRUMENTATION AND sguzpunuw':- D170-10038-1
! | 2 : .

3.1 MODEL INSTRUMENTATION

'Modol inotrumontation consisted of the following items:

a% Six Component Strain Gage Fusolago Balance

Total aircraft normal force, axial force, pitching moment,
yawing noment, rolling moment, and side force were measured
by this balance, that was located with its longitudinal
' 'axis parallel to the body centerline and with the balance
center directly below the wing pivot as shown in Figure 15.

!

b) 8ix Comgohont Strain Gage Balance in Each Nacelle

Identical balances were used in the outboard and inboard
nacelles and were similarly located as shown in Figures 13

. and 14. Each balance measured propeller thrust, pitching
moment, normal force, yawing moment, side force, and roll-
ing moment. ' The rolling moment in this case was the fric-
tion torque producod by the bearings and cyclic pitch me-
chanism. In' addition to moasnring steady values, normal
force, pitching moment, and propeller thrust from selected
nacelles were displayed on oscilloscopes s6 that dynamic
loads in the balance flexures could be monitored to pre-
vent oxoooding the fatiguo allowables.

c) train Gagod P;;pellor Drive Shafts

Each nacollo assembly incorporated a high speed slip ring
assembly for the purpose of transmitting electrical signals
from the strain gage bridges measuring torque.

i

d) Tachometsrs K ,

!

~ The rotational speed of each propeller was measured by a
, tachometer, installed .internally behind the front bearing
'of the air motor. This type of tachometer worked on the
pulse generator principle (thirty pulses per cycle). Four
digital voltmeters were used for direct readouts following

" amplification of the signals.

e) Wingv¢ilt Angle Potentlomegor

Wing tilt angle was measured using a precision potentio-
meter. A gearing arrangement was used to prevent potentio-
meter slippage due to model motions.

£) . Béarlng Temperature Thermocouples

Each propeller shaft thrust bearing, located in the nacelle

37
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D170-10038-1
stack, wae instrumented. The four bearing temperatures
were displayed on the control panel for model condition
monitoring purposes.

g) Air Passage Metering Valve Position Indication

Mass flow into each air motor was individually controlled
by & metering valve. The position of these four valves
was displayed on the control panel as an aid to the opera-
tion of the four air motors.

3.2 DATA ACQUISITION SYSTEM

The flow diagram of the wind tunnel data system used in this
test is shown in Figure 19. This data system can accept up to
120 channels from a model and the tunnel itself. Thesa signals
are routed as illustrated to an IBM 1800 computer for process-
ing and data reduction. The computed results are tabulated by
a line printer and selected quantities are plotted by the X-Y
plotters. Final data is stored on magnetic tape.

A digital display of any nine channels is also available during
testing for monitoring purposes. Dynamic data of six quanti-
ties can be continuously displayed on oscilloscopes. This
provides assistance in preventing balance or structural limits
from being exceeded.

A choice of sampling rates in terms of samples per channel/sec.
and in sampling time periods is available. The sampling pro-
cess is accomplished with channel switching devices called
multiplexers.
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4.0 DATA REDUCTION D170-10038-1

At each test point, measurements were taken for computing and
printing out on-line the quantities listed below.

Air supply line pressure ’ psi
Density, » slugs/ftd
Freestream dynamic pressure, q 1b/£¢?
Fuselage angle of attack, o degrees
(correction applied for ntgng deflection) :
Model height, h inches
Propeller speed (each propeller) RPM
Shaft torque (each propeller) ft.lbs.
Tunnel velocity, V , ft/sec
Wing tilt angle, iy degrees

The following aircraft forces and moments were measured by the
fuselage balance. sk

Normal force (positive:up) ‘ lbs.
Axial force (poritive:forward) 1bs.
Pitching moment (positive:nose up)' ft.lbs.
Yawing moment (positive: nose right) ft.lbs.
Rolling moment (positive:right wing down) ft.lbs,
Side force (positive:to the right) lbs.

Balance interaction corrections to these measured forces and
moments were calculated and applied on-line using the balance
interaction matrix incorporated into the data program. Static
pressure tares, resulting from the high pressure model air
supply lines extending forward from the model sting extension
into the plenum chamber located in the frontal portion of the
fuselage, were also applied on-line. The static pressure tare
curves inserted into the data program were linear and of the
following magnitude at 300 psi, a typical operating line pres- -
sure. .
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Normal force: =4 1lbs. D170-10038-1

Axial force: =10 lbs.
Pitching moment: -1 f£t.lb.
Yawing moment: 'M+i_f£:15.—
Rolling numnent:";inilt;ibl.
side force:  -2.5 1bs.

At each test point, the value of jet thrust produced by each
air motor was established by entering the jet thrust correction
"look-up" tables incorporated into the computer program as a
function of shaft torque. The components of jet thrust in-
herent in the measured values of aircraft normal force, axial
force, and pitching moment were extracted on-line, as a func-
tion of wing tilt angle.

Finally, model weight tare values for a particular wing tilt/
fuselage angle combination and model configuration were deter-
mined and applied on-line using the appropriate weight tare
equations inserted into the data program.

Aircraft normal force and axial force from the fuselage bal-.
ance were resolved on-line into the wind axis system in order
to compute

Lift, L ' lbs.
Longitudinal force, X(positive forward) lbs.

Aircraft pitching moment measured by the fuselage balance was
transferred on-line to the wing pivot for runs wherein wing
tilt angle was varied (fuselage angle was held constant) and
to an aircraft c.g. position representative of the wing tilt
angle for runs wherein fuselage angle was varied (wing tilt
angle held constant)or yaw angle was varied.

Aircraft forces and moments were reduced on-line to the follow-
ing coefficient form based on slipstream dynamic pressure.

Lift coefficient, C; = —
s a8
Longitudinal force coefficient, Cx = X

qgS

Pitching moment coefficient, Cy = M
8 qyCS
(where c=MAC of tapered wing)

4l
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_ side force  D170-10038-1
s q, '
Yawing moment coefficient, Cn, = !e!éagsﬂgggpt
s

Rolling moment coefficient, C, = ___3301130 !:mom.nt
8 s

Aircraft lift, longitudinal force and pitching moment were
also reduced on-line into the following non-dimensional form.

Side force coefficient, Cy

L D
o ' abf (positive aft for drag),

gb2c

Each of the four internal nacelle balances measured th.
following forces and moments.

Thrust, T (positive:forward) lbs.
Prop normal force (positive:up) lbs.
Prop pitching moment (positive:nose up) ft.lbs.
Prop side force (positive:to the right) lbs.
Prop yawing moment (positive: nose right) ft.lbs.

Prop rolling moment (same as friction torque) ft.lbs.

A balance interaction matrix for each nacelle balance, as
developed from the static calibration, was incorporated into .
thé on-line computer program. Interaction corrections to the
measured propeller forces and moments were calculated and
applied using the appropriate nacelle interaciion matrix.
Weight tares due to the weight of the propeller/hub assembly
wera then calculated and corrections applied on-line.

Pitching moment and yawing moment that were measured about the
balance center were transferred to the hub § so that hub
moment coefficients could be calculated at the plane of the
propeller. The following propeller-type coefficients were
computed and printed out on-line for each of the four pro-
pellers.
- vV
Advance ratio, J ) 7

Thrust coefficient, Cp = onZD"

Prop pitching moment coefficient,
c., = Prop pitching moment

~ pn2p3
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n D170-10038-1
., Prop shaft power coefficient, Cp = §E§£§S§9!2£
- pn
= 27 (Shaft torque)
pn2D5
« Drop normal force
pn2D"

Prop normal force coefficient, CNFP

Prop side force coefficient, Cgp = Rrop s:de fozce
. P pn2D"

Prop yawing moment coeffigient; Prop yawing moment

pn2D3

Friction power coefficient,
cp = 2n(Balance rolling moment)

Coefficients of prop thrust, prop pitching moment, and prop
normal force in slipstream notation were also calculated and
piinzed out on-line for each propeller per the following
listing.

e

Thrust coefficient, Cfs = aj%;

Prop pitching moment coefficient, pyqp pitching moment

CMPs B dgSc

Prop normal force coefficient,

Prop normal force
CnF

8 dgs

L
where qg = q + T/Ab
Full scale aircraft rate of descent in ft/min and velocity in
knots were computed on-line at each test point by the follow-
ing equations inserted in the data program.

a/n-so(qbz) : b2 - 7
| [f-ﬂw2 qbz) :r

2W b2
Vp =.592 -33)( L )
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The weight term used in the above equations was ccmmensurate
with a typical full scale tilt wing aircraft operating at its
maximum gross weight in the "V" mode which corresponded to a
wing loading (W/8) of 66 lb/ft2. This value was increased to
73.51b/ft? to account for the difference between the average
tunnel density used in the above equations (p=.00228 slugs/ft®)
and the typical atmospheric design conditions of 3000£t/90°F
(p=.00204 slugs/ft3) for a full scale tilt wing.

The following equation was used in the data program to compute
propeller induced velocity, w, in ft/sec.

w* + wd 2V cos iy + wzvz.( T )2

2pAp

The above parameter was used to determine the effective wing
angle of attack, °"zrr' at buffet onset. This angle is defined

as the angle between the wing chord and the resultant velocity
at the wing. The resultant velocity was obtained by adding
vectorially, the tunnel velocity and the induced velocity

at the leading edge of the wing, assuming full contraction of
the propeller wake at the wing leading edge.

Three wind tunnel X-Y plotters were used to produce on-line
plots of the following during pitch sweeps.

Force polars in terms of cLs vs cx.
or L/gb? vs D/qb?
Lift curves in terms of cL’ Vs ag

or L/qb? vs i,

Pitching moment curves in terms of M/gb2c vs i,
pr CM. Vs ap

No tunnel wall corrections were applied to the data.
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5.0 TEST PROCEDURE AND TEST CONDITIONS |

5.1 TEST PROCEDURE

The fuselage and four nacelle strain gage balances were check
calibrated statically with the model built-up and installed

in the test section (i.e., plumbing was installed and the
nacelles were assembled) by applying known forces and moments
on each balance. The resultant calibrations compared favor-
ably with those obtained previously from the bench calibration
of the same balances. Balance interaction matrices utilized
in the on-line computer program were developed from the bench
calibration data.

The installed model was then statically pressurized in incre-
ments to determine the effect on the measured forces and mo-
ments from the fuselage balance, of the high pressure air
lines extending forward from the sting, across the fuselage
balance, and into the plenum chamber located in the nose of
the fuselage. Static pressure tares developed from this cali-
bration were incorporated into a look-up routine in the data
program so that corrections could be applied on-line to forces
and moments sensed by the fuselage balance.

Sting derflections due to the net vertical force (lift minus
model weight) acting on the model were established by hanging
kanown weights on the model and measuring the true fuselage
angle of attack with an inclinometer. The resultant correc-
tion curve,showing incremental fuselage angle of attack as a
function of net vertical force, was inserted into the computer
program so that the indicated fuselage and wing angle of
attack could be adjusted on-line to true values.

Due to the different resultant stiffnesses of the inboard and
outboard nacelle when mounted on the model, it was necessary
to dynamically balance each of the propeller/hub assemblies
(cyclic plus collective hubs) in place on the wing. The
balancing target in each case was +10% of the allowable
fatigue load for nacelle balance pitching moment and normal
force, which were monitored during the test.

The jet thrust produced by each air motor was determined by
individually running each motor in place on the model with
a cylindrical cross section "propeller" installed and zero
tunnel g. This tubular "propeller" was utilized so that the
air motor torque could be absorbed without the simultaneous
production of propeller thrust. The calibration curves as

obtained from resolving fuselage balance yawing moment are

presented in Figure 20, as a function of shaft torque. These
curves were incorporated into the computer program so that the
jet thrust produced by each motor could be extracted on-line
from the forces and moments measured by the fuselage balance.
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Prior to porforming the actual data runs with a particular set

of propeller hub assemblies installed (collective or eyoclic ! ,
‘ hubs), it was necessary to balance the thrusts from the four:
propellers. This procedure was straightforward in the hover

portion of the test, wherein the collective blade angle of

each propeller was manually adjusted until ‘the maximum %h:dlt t
difference between propellers was within 1l of the total

thrust from the four propellers. The total propsller thrust ' |
varied f:am approximately 450 1b. with collective hubs (6800

with cyclic hubs, (5000 RPM and 12.5° average blade angle). ,
During the forward £light portion of the test, it was npcessary

to examine the thrust balance at the tunnel dynamic pressures

and ropzosontativo wing tilt angles for which data was to be .
acquired ‘and ady ult th collaetive settings aocordingly. ' i

Weight tarol-woro taken for each lignificant modél . configura- x

tion. Subsequent to'the incotporation of the weight tare data

into the on-line data program, wind-off data'points were ac- o
quired at'a couple of model angles to ensure that th. weight .

‘tare routino was' accurately functioéning. . ,
As, mantioncd provionlly, test BVWT 061 was porformod uling ’
two different tunnhel test section confiqurationlz (1) walls/
ceiling removed and solid floor for the hover portion and (2) 2N
slotted walll/ceiling/floor for the forward flight portion. , ’
- In the 'hover'runs, ground height was - vidried, with the wing

tilt angle baing held constant at 90° and, fusslage angle at - ,
zero degrees. ‘' Five Vvalues of model hoight above the tunnel B '
floor were preselected, with the height measured veftically g '
from the plane of the outboard propeller. These heights i
‘corxesponded to 4.0, 2. o, 1.5, 1. 25, and 1. Oapropcllcr dia- '
‘meters. W 3 ) }

A dynamic problem was expnriencod on sting mounted Modol

VRO68Q operating in the hover mode with the wing tilted at

90°, ‘that resulted in a scatter of the yawing and pitching

momerit data. The distance from the center of the fuselage ,
balance to the tunnel sting pivot on the yertical strut was &
over 25 ft. This problem, which manifested itself in a long .

period random-type model oscillation: (approximately 10 'second ‘
period), was largely circumvented by increasing the time ', - ,
period ‘for data sampling to 10 seconds and averaging the

moments from.a minimum of tliree data pointl at the mout dyna- ¥ /.
Lmically critical tost conditionl. ] , 705, ,

All hover runs were porfdrmed at ‘constant RPM: \SODO.RPM with*.’
cyclic hubs and: 6800 RPM with collqctivo hubl.- ‘

e ;
Two separate test procedutel were u-ed during the forwl d oRRE
flight portion of the test: (1) wing tilt angle pitch.swueps . ;

with the' fuselage level for the descent porformanco runl, and i
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(2) fulolaqe angle pitch: sweeps with a fixed wing tilt angle
for the longitudinal stability 'and control runs. These transi-
tion runs were conducted with a constant tunnel q and propeller
RPM (exoopt the zero thrust coefficient, Cpgr runs, wherein

! propeller RPM was reduced as the model was pitohed to maintain

zero propeller thrust). '

Maximum ‘tunnel dynamic pressure utilized during test BVWT 061
(approximately 30q) occurred quring the zero thrust runs. The
lowest tunnel q used (1.0q) was that that could be achieved

with reasohable accuracy. This g value established the maxi-
mum test value of CT « Tunnel dynamic pressures between these

two extremes were eelected td achieve the desired spread of c

’valueo. C ‘

Throughout the test, dynamic loads as measured by the nacelle

' balances (pitching moment and normal force from the four pro-

pellers’' and thrust of two of the propellerl) were continuously

monitored via oscilloscope presentations to ensure that fatigue
loads inside the'four nacelles were not exceeded. The drive
shaft bearing temperatures’ in each of the nacelles were also
gontinuously monjitored to prevent running with overheated bear-
ngs. ; ,

5.2 TEST CONDITIONS
‘ D A ———

Tabulations oh the folibwing pages summarize the data runs per-
formed during the subject test (BVWT 06l)in terms of key test
variables. The runs have been arranged in sets according to
test objectives. Air motor jet thrust calibration runs and
thrust balancing runs required for "setting-up" the model, have
been dolotgd from the listings. All data runs were performed
with the)P prop: rotetion (props turning down between the
nacelles).

The tabulations on the following pages do not include two runs
(Runs 101 and 102) that were performed to investigate the
effect of propeller RPM on the forces and moments measured by
the fuselage balanco.

Ranges of ‘propeller thruet, alipstreem thrust coefficient, and
slipstream q as attained Quring the runs to determine descent
capability are plotted in Figures 21 through 23 and Figures 24
through 26 as a function of wing incidence angle for runs with
collective hubs and cyclic pitch hubs, respectively. The range
of slipstream thrust coefficient -evaluated during the forward
flight longitudinal stability. testing varied from zero Cyg to a

maximum Cp_ of 0,97. This testing was phased so that the longi-

tudinal st:bility and trim with the smaller wing tilt angles
(0° ‘and 15°) was examined at the low end of the CTy spectrum
and large wing tilt englea (up to 70°)were examined at the high

end.
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A check was made in Run 31 to establish the variation of pro-
peller thrust with (RPM)23. This was of concern since a flexi-
ble coupling (with a thin wall to roduca‘contrifuga1~it1££on-
ing) was used to isolate propeller forces and moments. Centri-
fugal stiffening of the coupling would result in a low measure-
ment of propeller thrust. If Mach number and Reynolds number
effects on lift curve slope were negligible, along with
coupling effects, the thrust would vary linearly with (RPM)2.
The data presented in Figure 27 shows that the propellier ‘
thrust varies linearly up to. 5500 RPM and 2.5% beyond linear

at the highest propeller speed (7400 RPM), thus indicating only
small effects due to the flexible coupling. : : ,
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Figure 20
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Avoraqo collective setting with collective hub-:

R AR T i L e G ]
BVWT 061 D170-10038-1
RUN SUMMARY
HOVER
FLAP SPOILER
ANGLE  ANGLE
CYCLIC LEFT /RT LEFT /RT
RUNS | HUBS ANGLE RPM | WING/WING | WING/WING | OBJECTIVE
. Cyclic
17 | Cyelic 0o° 5000 0/0 0/0 Pitch Control|
18/21 +4°
22 +6°
23 +8°
‘24 -4°
25 -6°
26 | ¥ -g¢ Y - =
34 | Coll. -== 16800 0/0 0/0 Yaw Control
40 0/40
41 0/50
42 0/60
43 -40/60
:4 -40;0 o
5 0/0 o
46 Y Y Y 0/0 60/0 Y
'NOTES:
1. Wing tilt angle: 90°*
2. Ground height varied for each run ’ T
3. Average collective setting with cycllc hublz 12, 5;4'
‘o d




BVWT 061
RUN SUMMARY
FORWARD FLIGHT (TRANSITION)

D170-10038-1

CBICLP PLAP SLAT c ‘L
RUNS | HUBS GLE M |[ANGLE| POSITION Ty OBJECTIVE
low §peed.
48 | Coll, | ==-- Nary| O 0 - 0 Ipescent Capability
49 4 20° {Q10,10,10; v
54 800| 60° .85
155/57 k .75
36 | .64
7 5' . 0‘3
59 500 [g*s10,10," [ g¢
60 «75
61 .64
62 \/ .43
113 v y [ary| 40 0
133 Y 60° Y
158 | Cyclid 0° [4750 .85
159 «75
160 .58
161 «37
162 +4° .85
163 / Y .75 Y
NOTES :

l. Wing tilt angle 9woeps
2. Average collective setting with collective hubs: 14°
3. Average collective setting with cyclic hubs: 13°
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GV P D170-10038-1
| RUN SUMMARY
FORWARD FLIGHT (TRANSITION)
., PO T TSRS | o .
RUNS HUBS |RPM [ANGLE | iw |anGrE | "Ts OBJECTIVE
66-68 +30% 1.81,.70,.55 | Long. Btab&
69=71 ' +15¢ $ Hoxis.T&ill.
72-74 +10° ’ Effective-
75 +25° .81 ness and
80-82 15¢| -- [.70,.50,.30 | Trim
83-86 +10°
87-89 | +15¢
90-92 Y v |+
93/94 Y _+20° |.70, .50
'95/97 40° | o°] --- 1.50,.30
8-100/112 . {6000 --- |.50,.30,0
03-105 -5¢ ¥
106-108 , 111 9.
09-111 Y - =10°
14/115 | | o -=- 1,30,0
16/117 . | | -5 :
18/119 ‘ d 1] =100} .
(:; 20/121 1 Y |V 0% 4 ¥
22/123 60° | 45°] === l.92,.81
3 24/125 & pia +35° | '
26/127 i +30° :
28/129/131| | | #as5° | S
; Y | +20° .81
% | 550] === | .94
SR B
40° | -— /
h ; . . 70| ~-- 97 |
37-139 2 30°| --- [.81,.70,.55 |
40-142 £R e o (50 | +18¢ Rl
43-145 & e £ +20° l
47-149 R ¢ 1] | +a5°| - 1
150/151 - : +10° |.70,.55 F |
1527153 60° +20°| | | check at
: ; - ; : . | lower RPM -
154/155 Y Y / Y / 1 | center s1ag

] rcmovod

NOTES :
> 54 Fhlelago angle iwoops )
2. Average collective setting: 14.25°

3. Slat setting: @+, 10,10, i I et
4. RPM actually varied during zero CQ runs to maintain
(:: zero thrust. oI
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Figure 21
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‘Figure 22
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Figure 23
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Figure 24
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Figure 25
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Figure 26
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Figure 27
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6.0 TEST RESULTS AND DISCUSSION

The primary objectives of this Phase I test of the full span
four prop tilt wing Model VRO68Q, which was equipped with
cyclic pitch propellers for low speed longitudinal control,
were outlined in the Introduction and consisted of the follow-
ing four major topics.

a. Cyclic Pitch Contrcl in Hover

b. Yaw Control in Hover

c. Low Speed Descent Performance

d. Longitudinal Stability and Control in Transition

In addition to the above listed objectives, the data from the

subject test can be used in conjunction with the data acquired
during the isolated prop test of an identical prop/hub/nacelle
assembly (Reference 1) to determine the effect of the wing on

propeller forces and moments.

As mentioned previously, in the Introduction, the damage to
the aft radial Lamiflex bearings in the left inboard cyclic
pitch hub assembly that occurred during cyclic pitch running
on August 20, 1970 (Run 163), resulted in the remainder of
the cyclic pitch runs planned for Phase I and not performed,
to be rescheduled for completion during the later Phase II
test.
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6.1 CYCLIC PITCH CONTROL IN HOVER D170-10038-1

‘The effectiveness of the pfopollorl in producing aircraft

pitching moment when cyclic pitch is applied was investigated
in the hover mode with a clean configuration (no flaps or slats

‘extended/horizontal tail removed) and the wing tilted to 90°.

Data was acquired at five preselected ground heights which
varied from an h/D of 4.0 to an h/D of 1.0. The parameter h/D,
has been defined as the ratio of the distance between the out~
board propeller plane and ground plane to the propeller dia-
meter. For clarification purposes, other key model height re-
lationships are compared below to the parameter chosen.

If h(outboard prop plane)/D = 1.0
h(inboard prop plane)/D = 1,129
h(wing pivot point)/D = 0,642

Presented in Figure 28 is the measured variation of ajrcraft
pitching moment (about the wing pivot) with cyclic angle for
the ground heights tested. The variation is found to be linear
over the range of cyclic pitch angles evaluated (-8° to +8°)
and the aircraft pitching moment is seen to be essentially in-
variant with ground height, however, there is an indication of
a "fall-off" in pitching moment at h/D's of 1.5 and 1.25 for
cyclic angles of +6° and +8°., Since the same trend was not ex-
hibited with negative cyclic angles,the noted "fall-off" is
probably data scatter. The following check was made to assure
that the positive aircraft pitching moment measured with zero

eyclic angle resulted largely from the moment produced by the

propeller thrustlines being located below the wing pivot.

M - Zinep * ZourED

DT D

ZyNppr distance from inbd prop thrustline to wing pivot
Zourpp: Aistance from outbd prop thrustline to wing pivot

D, prop diameter

5¥T - li%ggiégg%: = ,033 (noted on Figure 28 )
Figure 29 is an equivalent presentation for the left inboard
prop as measured by the nacelle balance. The hub pitching mo-
ment is linear over the cyclic angle range tested and does not
vary to any extent with ground height.

Depicted in Figure 30 is a comparison for the h/D=4.0 case of
the hub pitching moment variation with cyclic pitch angle for
the four propellors. No major difference .(beyond a value

of 10% favoring the outboari: props) -can.be ascertained be-
tween the ability of the indoard props and outboard props to

, 61
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produce hub pitching moment upon application of cyclic pitch.
The average value of hub pitching moment coefficient per degree
of cyclic (ACMP/AY-.OOZOS) agrees well with the corresponding

(Ac“p/Ay-.oo215) during the isolated propeller

test reported in Reference 1. Thus, it appears that there is
no influence of the wing and fuselage on the cyclic pitch
effectiveness in hover. ‘

Incremental aircraft pitching moment (about the wing pivot) due
to cyclic as measured by the fuselage balance is compared in
Figure 31 for the h/D=4.0 case, to the averaged prop hub
moment as measured by the four nacelle balances. It can be
noted that the aircraft pitching moment produced by cyclic is
27% greater than that contributed by the four propeller hubs.
The positive difference is attributed to the prop normal force
acting about the wing pivot. :

Figure 32 examines the variation of prop normal force with
cyclic pitch and ground height. This figure shows that the
change in prop normal force with cyclic is in the correct
direction, i.e. with positive cyclic a negative increment in
prop normal force is produced that in turn produces a negative -
pitching moment about the wing pivot. - The following calcula-
tion was made to evaluate the magnitude of aircraft pitching
moment resulting from prop normal force. o

AC B + AC 2ot
( AM)-_ o, (ou'ran)4. Wb xep (*neD )
B*% pavor o
AC = ,0143 for 8° of cyclic
NFpouTeD |

*ouTBD - 768 £ft,, distance from prop plane to pivot
AC 5}a6178 for 8° of cyclic
NFpInep B

XyNBD ™ 1.045 fﬁ., distance from prop plane to pivot
Cp = 171, average prop thrust coefficient

_) w +0178(1.045)+.0143(.7
D*T/p1vor 2)(2.143) ;
=,04 for 8° of cyclic (noted in Pigure 31 )

The average value of prop normal force cod;ficionﬁ per degree
of cyclic (ACyp /8Y=.0160/8=,002) measured during this test

can be noted to be over twice that measured during the isolated
prop test of Ref 1. This difference reguires more ‘investigation.
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Effect of Cyclic Pitch on Thrust

Figure 33 depicts the small changes in average thrust coeffi- 4
cient that occurred as cyclic pitch was applied and the dis~- 'y
tance of the model from the ground was decreased. For this g
figure, the average thrust coefficient was chosen to be pre-

sented in lieu of individual propeller thrust coefficients, as

a result of the small differences in thrust that existed be-

tween propellers. Figure 33 shows a 4% decrease in thrust co-

efficient upon application of 8° of cyclic pitch for a propel-

ler operating at constant RPM and collective, whereas, the

isolated prop data reported in Reference 1, indicates a 4% in-

crease for the comparable hover test condition.

o

Effect of Cyclic Pitch on A/C Lengitudinal Force

The variation in longitudinal force with ground height and
cyclic pitch angle is presented in Figures 34 and 35 for nega-
tive cyclic angles and positive cyclic angles, respectively.
Longitudinal force is expressed in terms of the ratio of fore
and aft force to total propeller thrust and consequently, re-
presents fore and aft aircraft acceleration in hover. Figures
34 and 35 show that as the aircraft approaches the ground
(h/D=1.0 and zero cyclic pitch) more of the propeller slip-
stream is turned forward than aft, resulting in a net aft lon-
gitudinal force acting on the aircraft (-X\. The effect of
cyclic pitch control application, when in the proximity of the
ground, is to increase the net aft longitudinal force with
negative cyclic angles and decrease the net aft longitudinal

force with positive cyclic angles.

‘Notod on Figures 34 and 35 are the incremental amounts of prop

normal force for 8° of cyclic as determined by the nacelle
balances and the following calculation.

AX/T = ACNpp/CT
ACNFP = ,016 for 8° of cyclic; average four props

Cp = .171, average prop thrust coefficient
.016
I7T

- AX/T =

= ,093, positive for positive cyclic

It appears that when cyclic pitch is utilized out-of-ground
effect, the X force generated on the wing by the propeller
slipstream is in the opposite direction to the prop normal
force and tends to offset it.
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D170-10038-1
Effect of Cyclic Pitch on shaft Power

The effect of cyclic pitch on propeller shaft power (includes
the friction losses in the cyclic hub assembly) at the differ-
ent hover heights evaluated is presented in Figures 36 and 37.
Shaft power for the inboard props is shown in Figure 36.
Corresponding information for the outboard props is shown in
Figure 37. A line has been drawn in each of these figures to
represent the average variation of shaft power with cyclic
pitch for the h/D=4.0 case, that is the average power varia-
tion considering both positive and negative cyclic angles.
Proximity of the ground can be noted to exert only a small in-
$luence on the power requirements.

The average shaft power curves (h/D=4.0) of Figures 36 and 37,
reduced to the form of Cp/Cp 0 are compared in Figure 38 to
Y=

to the corresponding curve obtained during the isolated prop
test reported in Reference 1. Shaft power increase due to
cyclic as measured during the isolated prop test is seen to be
essentially an average of that measured on the outboard and in-
board props of the subject test.

The outboard props exhibit higher power requirements than the
inboard props. This is probably a result of the<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>